We simulate a two dimensional model of self-propelled particles confined by a deformable boundary. The particles tend to accumulate near the boundary and the shape of the boundary deforms upon the collisions.
Introduction
Active matter refers to a variety of systems ranging from, such as, cytoskeleton of living cells in microscale to schools of fish in macroscale [1] . The common feature of these systems is the constituent units can move actively (self-propelled) by consuming energy. Such non-thermal motion is the origin of their out-of-equilibrium nature which leads to very rich intriguing phenomena, e.g. giant fluctuations [2, 3] and pattern formation [4] [5] [6] [7] . In addition to bioactive matters, various artificial systems have been designed and fabricated, which allow studies of these nonequilibrium phenomena in a variety of conditions [2, [8] [9] [10] [11] . In theories and simulations, simplified models have been extensively studied to understand the general behaviors in these systems [1, 12, 13] .
Boundary and confinement are ubiquitous in both natural and laboratory active systems. Recent efforts [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] have been devoted to understanding the distributions and dynamics of active units confined by hard boundaries of various shapes. The boundary can rectify the motion of these active units and cause their accumulation nearby. In return, the reactions from these units can lead the immersed objects with asymmetric boundaries to move directionally, e.g. spontaneous rotation of gears [24] [25] [26] [27] . Naturally, the living organisms usually operate with soft boundaries, e.g. molecular motors and microtubules confined by cell membrane, pathogens migrating through the extracellular matrix of the host. Therefore, understanding the interplay between active units and soft boundaries is of fundamental importance [28] [29] [30] .
In this paper, we address this problem by studying a simple two dimensional model, in which self-propelled particles (SPPs) are confined inside a closed deformable boundary. This system is relevant to the cases where active organisms are enclosed by membranes [31] . It can also be realized by confining microscopic SPPs inside a giant vesicle. The particles accumulate near the boundary driven by the active force [14, 15] and the collisions by the particles can generate deformations on the boundary. On the one hand, the inhomogeneous aggregation of particles along the boundary leads to its global shape deformation. On the other hand, the trend of particles accumulating at the place of large curvature [20] reinforces such deformation. In the present paper, we are concerned with the variation of the size and shape of the soft boundary and its coupling with the distribution of SPPs.
Model and Simulation Methods
We consider a two dimensional system where N p self-propelled particles (treated as disks) are enclosed by a soft boundary. Each particle has a mass, m, and diameter, σ . In addition to the random Brownian motion at temperature T, each particle is propelled by a force through its center with the amplitude F. The direction of the force, springs. These boundary beads are set to be identical to the active particles except being passive.
The purely repulsive Weeks-Chandler-Andersen (WCA) potential is adopted for the interactions between all non-bonded pairs of particles and beads [32] , ( ) 
ε is the interaction strength. The harmonic potential between bonded pairs of successive beads is The Langevin equations are used to describe the motion of particles and beads,
( )
where i r is the position of the ith entity. Eq. (2) We use LAMMPS software to perform our simulations [33] . 
Results and Discussion
We consider three initial concentrations of confined SPPs, 0.05 First, we calculate the mean radius of gyration, g R , of the boundary, based on the positions of its constituent beads, as the measure of the size of the enclosed area ( Fig. 2(a) ). At large driving forces ( Fig. 2(a) ), we find a crossover from rapid to slow expansion of the boundary with the active force around 1 F = . The initial rapid expansion is attributed to the aggregation of particles to the boundary which effective increase the average number of particles that exert force on the boundary. We calculate the probability distributions of g R for 0.05 φ = and different forces (Fig. 2(c) ). The curve of 
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by partitioning the space in radial and angular directions, respectively (see Fig. 3(a) for the schematic). ρ is the mean density, i ρ the number density of particles in the i-th partitioned space, N the total number of partitioned spaces. For the radial Gini coefficient, r G , we chose the average position of the boundary beads as the center and divided each center-to-bead lines equally into 40 N = parts with points and connecting in order the corresponding points on different lines to form inner concentric boundaries which partitioned the space radially. We use the angular Gini coefficient, a G , to capture the inhomogeneous distribution of the particles along the boundary.
To this end, we chose 40 N = beads on the boundary with an interval of around 30 beads and drew circles with the chosen beads as the centers; the radius is empirically set as 0.9
, where L is the perimeter of the boundary. We also tried other choices of N and L which only quantitatively change the results. Fig. 3(b) shows that, for all initial concentrations, r G increases significantly when the force 1 F ≤ and then gradually approaches a plateau. The turning points 1 F  to 2 mark the end of the stage one in which particles radially redistribute with increasing force. Neglecting the noise in eq. (2), the persistence length of a free active particle γ R l can, to some extent, accounts for the degree of confinement [20] . Fig. 3(c) shows a dramatic decrease of the ratio at small force implying a steep transition from weak to strong confinement with the increase of force. The strong confinement causes the formation of the cavity in the center (i.e. the bulk particle density approaches zero) [20] . In the regime of stage one, we find the angular Gini coefficient a G decreases (Fig. 3(d) ). We ascribe this novel decrease to the suppression of fluctuations of both the particles and the boundary when particles aggregate near the boundary. At large F, all a G 's increase with force manifesting the enhanced angular inhomogeneous redistribution of particles (stage two). However, distinct behavior of the crossover from stage one to stage two is found for low and high concentrations. For 0.05 We calculated the asphericity [34, 35] of the boundary to quantify its global shape deformation (deviation from a circle) under various forces and numbers of enclosed particles (Fig .4(a) ). The asphericity is defined as: Time correlation function of asphericity
is a way to quantify the varying rate of the global shape (Fig. 4(b) and (c) ). The decay of the correlation function varies with force and initial particle concentration. We find that the force-dependence of the decay is distinct for low and high initial particle concentrations. For 0.05 φ = , the ( , )
C A t decays faster (i.e., the shape varies faster) at larger force ( Fig. 4(b) ). The change of the decaying rate is appreciable. Taking the time at which 
Conclusion
In summary, we study a simplified model of SPPs confined by a soft boundary in two dimensions and focus on the cooperation between shape deformation and particle distribution. We find i) the average size of the boundary varies roughly in a linear relation with the active force and the number of enclosed particles; ii)
there are two typical stages in the variation of the morphology with the active force; one is characterized by the radially aggregation of particles to the boundary and suppression of the local fluctuations; the other is characterized by angularly inhomogeneous redistribution of particles and global shape deformation of the boundary; iii) the crossover from stage one to stage two is abrupt for small particle concentration but a bridging regime of nearly isotropic expansion emerges for medium and high particle concentrations; iv) the global shape deformation of the boundary is strongly coupled with the inhomogeneous angular redistribution of the particles; v) the global shape varies with time, the rate of which shows opposite dependences on the active force for low and high particle concentrations. This work provides new knowledge and insights to the interplay between a very flexible boundary and the enclosed SPPs. 
